Progress in OCT-based Through Silicon Via (TSV) metrology

Abstract:
We report on progress in Time-Domain OCT (optical coherence tomography) applied to TSV (vertical interconnect accesses in silicon, enabling stacking of devices). Transitioning from the common scalar approach to an electromagnetic one, and combining it with a damped least squares approach, we enhance the accuracy of TSV height measurements.
OCIS codes: 120.0120, 100.3190, 110.4500, 120.2830, 120.4825, 130.5990
Time Domain OCT applied to TSVs
Time-Domain OCT ( fig. 1 ) is a widely-used method for measuring 3D structures. One important application nowadays is the metrology of empty TSVs (interconnects etched into semiconductors, enabling 3D integration and thus more compact electronic chips) [1] [2] [3] . The main TSV parameter to be monitored during the fabrication process is its height in order to ensure a full opening of the TSVs as well as a uniform via protrusion over the wafer in later fabrication steps. 
Modeling of the optical system and interferogram
A common approach for modeling TSVs is ray tracing, assuming propagation in air with a refractive index of n = 1.
In contrast to this, our novel approach relies on electromagnetic modeling [3] . It starts with the recording of a reference interferogram at a planar substrate and its subsequent Fourier transform, yielding the spectrum applied at the TSV; dispersion that is intrinsic to the interferometer is thus considered. The frequency components are then separately propagated in the TSV by a modal approach. In the case of TSVs of sufficient aspect ratio, only the fundamental mode with its propagation constant needs to be considered between TSV top and bottom, allowing fast calculations. The interferogram is then simulated by the addition of the reflection from the reference mirror and the numeric integration over the spectrum.
Evaluation of the OCT interferograms
Commonly, the OCT signal recorded at the TSV ( fig. 1) is evaluated by the detection of the envelopes of the intensity modulations and their maximum; the z-distance between these maxima is then associated with the depth of the object -here the TSV [4] . In contrast to this, our novel approach is based on the solution of an inverse problem, matching measured and simulated OCT interferograms. For this, we define a least squares-based merit function, which depends on the TSV parameters, and minimize it by the Marquardt-Levenberg algorithm. The TSV parameters yielding the minimum of the merit function are the desired values.
In view of an efficient computational procedure, our merit function is formulated in Fourier space, where the propagation at a TSV is performed by the multiplication of the complex Fourier coefficients with exponential factors. For this, we Fourier transform the measured OCT signals. Since the domain in direct space is physically restricted to a finite-size region where the OCT signals are meaningful, we handle a set of discrete Fourier coefficients. To enhance the accuracy and reduce the influence of noise, we apply a bandpass filter to the recorded spectrum as well as the measured Fourier transformed interferogram, adding the source spectrum support as a constraint. This allows also a further acceleration of our computations, enabling "real-time data" evaluations (2 -3 s with our current hardware). Fig. 2 presents a measured OCT interferogram after application of the bandpass filter (violet) as well as the simulated interferogram as a match (green). They are depicted here in direct space for illustration purposes; the algorithm itself does not require such measure and operates in reciprocal space. Apart from minor deviations, attributable to small remaining noise, the measured and simulated interferograms match well. Comparisons of our estimated TSV heights with those from the conventional method reveal a progress in reliability, accuracy, and reproducibility. This can be used for a more realistic, detailed modeling, also automatically including the interference of the fringe patterns from TSV top and bottom, which can overlap and interact.
